The acute respiratory distress syndrome (ARDS) is an inflammatory lung condition that is characterized by neutrophil accumulation, increased vascular permeability, increased extravascular lung water, decreased pulmonary compliance, impaired gas exchange, and a diffuse lung infiltration on a chest X-ray (1). This syndrome remains a major cause of mortality and morbidity in clinical pulmonology (1). Phagocytes, in particular macrophages and polymorphonuclear neutrophils, have played major roles in the pathogenesis of the lung injury (2-6). However, the precise mechanism of lung injury and involvement of lymphocytes remain unclear. We have previously reported upregulation of proapoptosis molecules associated with cytotoxic T lymphocytes (CTLs) such as Fas, FasL, perforin, and granzymes in bronchoalveolar lavage (BAL) cells from patients in the acute phase of septic ARDS (7). This observation strongly suggested a role for apoptosis in the pathogenesis of acute lung injury (ALI).
The acute respiratory distress syndrome (ARDS) is an inflammatory lung condition that is characterized by neutrophil accumulation, increased vascular permeability, increased extravascular lung water, decreased pulmonary compliance, impaired gas exchange, and a diffuse lung infiltration on a chest X-ray (1) . This syndrome remains a major cause of mortality and morbidity in clinical pulmonology (1) . Phagocytes, in particular macrophages and polymorphonuclear neutrophils, have played major roles in the pathogenesis of the lung injury (2) (3) (4) (5) (6) . However, the precise mechanism of lung injury and involvement of lymphocytes remain unclear. We have previously reported upregulation of proapoptosis molecules associated with cytotoxic T lymphocytes (CTLs) such as Fas, FasL, perforin, and granzymes in bronchoalveolar lavage (BAL) cells from patients in the acute phase of septic ARDS (7) . This observation strongly suggested a role for apoptosis in the pathogenesis of acute lung injury (ALI).
Fas ligand (FasL) is a 40-kD type II membrane protein belonging to the tumor necrosis factor (TNF) family (8) . It is expressed on activated T cells and is one of the effector molecules for CTL-induced cytotoxicity (9) . Fas antigen (Fas), also called APO-1 or CD95, is the receptor for the FasL and is a member of the TNF/nerve growth receptor family (8) . It is expressed on various cells and tissues, including thymus, liver, ovary, heart, and lung (10) . Binding of FasL to Fas antigen causes apoptosis in Fas antigen-bearing cells. Although the expression of FasL was originally thought to be limited to T cells, FasL can be found in a soluble form in the circulation and on the surface of other cells such as activated neutrophils (11) . CTLs have a second system to induce apoptosis and cell death in their target cells, the perforin/granzyme system (12) (13) (14) . Granzymes and the pore-forming protein, perforin, induce rapid death of target cells. As a result, CTLs cause lethal damage to their target cells via two independent systems (12) (13) (14) .
In this study, expressions of proapoptosis molecules in an experimental murine lung injury model of intratracheally instilled lipopolysaccharide (LPS) were investigated. Separate groups of mice were challenged with anti-mouse Fas antibodies (P2) to block the FasL/Fas system or with concanamycin A to block the perforin/granzyme system to examine the possible contribution of apoptosis in acute lung injury.
METHODS

Animals and Materials
Four hundred and eighty-five mice (6-wk-old male-specific pathogenfree ICR mice from Japan S.L.C. Co., LTD., Shizuoka, Japan) weighing 29-32 g were used for the study. The bacterial endotoxin lipopolysaccharide (LPS from Escherichia coli 055:B5; Difco, Detroit, MI) was used to induce lung injury. All animal procedures were approved by the Animal Care Committee of Kyoto Prefectural University of Medicine.
Experimental Models and Protocols
To create a lung injury model, mice were anesthetized with inhaled sevoflurane. Then, LPS (0.3, 3, or 30 g) diluted in 60 l sterile 0.9% NaCl was slowly instilled into the left lung using a gavage needle (modified animal feeding needle, 24 gauge; Popper & Sons, Inc., New Hyde Park, NY) inserted into the left main bronchus. In negative control mice, 60 l sterile 0.9% NaCl was instilled into the left lung using the same method. The mice recovered from the anesthesia within 2 min. After recovery, the mice were returned to their cages and allowed food and water ad libitum. At the time of the experiments, the mice were anesthetized with pentobarbital sodium (200 mg/kg) and exsanguinated by aortic transection and the lungs were dissected and studied according to the protocols.
Preliminary studies revealed that topical instillation of 30 g LPS into the left lung induced consistent and maximal alveolar cell injury in the instilled lung without causing mortality. Thus, for the timecourse study, separate mice were studied 1, 3, 5, 7, and 10 d after the 30 g LPS or 0.9% NaCl instillation. As the time-course study showed that maximal lung injury was observed at 1 d after LPS instillation, all experiments other than time-course studies were carried out at 1 d after LPS or 0.9% NaCl instillation. the P2 antibody (100 g diluted in 60 l sterile 0.9% NaCl) 1 h before the 30 g LPS instillation using the method described above. A control antibody (normal goat anti-mouse IgG, 100 g diluted in 60 l sterile 0.9% NaCl) was instilled using the same method in a separate group of mice. Mice were examined at 1 d after the instillation.
Concanamycin A-treated Model
Concanamycin A (12 g diluted in 60 l sterile 0.9% NaCl) was instilled into the lungs 1 h before the 30 g LPS instillation using the same method. Sterile 0.9 % NaCl was instilled as control for the concanamycin-instilled mice using the same method in a separate group of mice. Mice were examined at 1 d after instillation.
Analytical Protocols
RNA preparations and analysis . Total RNA was prepared from lung tissue by the use of TRIzol Reagent (Life Technologies, Gaithersburg, MD). For the polymerase chain reaction (PCR) analysis of RNA, cDNA was prepared by reverse transcription (RT) of 3 g of each RNA sample in 20 l reaction volume by use of SUPERSCRIPT (Life Technologies, Gaithersburg, MD). The cDNAs were diluted to 120 l, and these cDNAs were used in all PCRs. The PCR mixture (total volume 40 l) was comprised of 8 l of cDNA, 2 l of 20 mM primers, 8 l of 10 mM dNTP, and 1 unit of Taq polymerase. The mixture was subjected to PCR amplification. Oligonucleotide primers for each molecule were as follows: Granzyme A and Granzyme B: 93 Њ C for 3 min for 1 cycle, 93 Њ C for 1 min, 60 Њ C for 2 min, and 72 Њ C for 3 min for 30 cycles.
After the PCR, 8-l aliquots from the PCR reaction were electrophoresed on a 1.5% agarose gel stained with ethidium bromide. The gel was photographed under ultraviolet transillumination using a densitometer (ATTO, Osaka, Japan). Each signal was normalized relative to its corresponding GAPDH signal from the same RNA, and expressed as the mRNA/GAPDH ratio.
Analysis of bronchoalveolar lavage fluid (BALF) . The trachea was exposed by a midline incision and cannulated with a sterile polypropylene 18-gauge catheter. The lungs were lavaged with 5 ml of cold phosphate-buffered saline without calcium (PBS[ Ϫ ]) supplemented with 0.6 mM EDTA in 0.2 ml increments. The total returns after lavage averaged 4-4.5 ml/mouse. BALF was centrifuged at 1,000 ϫ g for 8 min at 4 Њ C. The cell-free supernatants were stored at Ϫ 80 Њ C until further analysis. The cell pellet obtained from the centrifugation of BALF was diluted in 1.0 ml of PBS( Ϫ ). The total cell number was counted with a hemocytometer after staining with gentian violet. Differential cell counts were done on cytocentrifuge preparations (Cytospin 3; Shandon Scientific, Cheshire, UK) stained with modified Giemsa stain (American Scientific, McGraw Park, IL).
Measurement of excess lung water and albumin concentration . The degree of lung injury was compared using the following two methods in mice at 1 d after instillation. Albumin concentration in seven groups (n ϭ 10 in each group, see Figure 1 and its legend for more details) was determined in the cell-free BALF supernatant by dye-binding assay (Bio-Rad protein assay; Bio-Rad, Richmond, CA). The wet-todry weight (W/D) ratio of the instilled (left) and noninstilled (right) lungs was examined (n ϭ 10 in each group using different mice from albumin measurement, see also Figure 1 ). The lungs were dissected, weighed, and then dried at 60 Њ C for 5 d. Then the W/D ratio was calculated by dividing the wet weight by the final dry weight. The validity of these methods for assessment of the lung injury has been well established (16) .
Histology of the lung . After preparation, the lungs were fixed by inflation with buffered 4% paraformaldehyde for 6 h. After embedding in paraffin, the sections were prepared and stained with hematoxylin and eosin.
DNA nick end-labeling of tissue sections . Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end-labeling (TUNEL) was carried out to detect apoptotic DNA damage using the TACS screening set (Trevigen, Inc., Gaithersburg, MD). In brief, after fixation with 4% buffered formalin, the sections (5 m) were deparaffinized and hydrated. Then, the nick end-labeling method was applied to label the 5 Ј -end of double-stranded DNA fragments by 3,3 Ј -diaminobenzidine (DAB). Counterstaining was done with methyl-green solution (Wako, Osaka, Japan). Positive staining was indicated as blackbrown and background staining was green.
Immunohistochemical staining for Fas and FasL . Immunohistochemical staining was carried out using an indirect, two-step labeling technique with peroxidase-conjugated immunoglobulin G (IgG). Polyclonal rabbit anti-mouse Fas (P4; 25 g/ml) or anti-rat Fas ligand (P5; 50 g/ml) antibodies were kindly donated by Dr. Takehiko Koji from the Nagasaki University of Medicine and were used as primary antibodies. Although they are polyclonal, the specificity of these antibodies was very high as demonstrated elsewhere (15) . In brief, lung sections (5 m thick) were deparaffinized in toluene and dehydrated by passing through a graded series of ethanol. Endogenous peroxidase activity was blocked by incubation of the slides with 0.3% H 2 O 2 in methanol for 30 min at room temperature. After washing in PBS( Ϫ ) three times, the slides were incubated in a solution of 500 g/ml normal goat IgG in 1% bovine serum albumin in PBS( Ϫ ) for 1 h at room temperature for blocking. The slides were then incubated overnight with P4 or P5 antibodies, and the following day incubated with a HRP goat secondary anti-rabbit IgG (100 g/ml) antibody for 1 h at room temperature. The peroxidase reaction was developed by incubating these with H 2 O 2 and 3,3 Ј -diaminobenzidine tetrachloride. As negative control, adjacent sections were incubated with normal rabbit IgG antibody in the presence of the second antibody. Counterstaining was done with methyl green.
Data Analysis
All biochemical data are expressed as mean Ϯ SEM. Kruskall-Wallis nonparametric analysis of variance for factorial experiments was used. Dunn's procedure was used for post hoc multicomparison analysis among the groups. We regarded the data as significant at a p value of Ͻ 0.05.
RESULTS
Analysis of Lung Injury
Albumin concentrations in the BALF at 1 d after LPS instillation increased significantly after 30 g LPS compared with the lower doses or 0.9% NaCl-instilled lung (Figure 1, left panel ) . The lung wet-to-dry weight in the instilled lung after LPS instillation followed the same pattern as the albumin concentration ( Figure 1, right panel ) . Anti-Fas P2 antibody significantly attenuated the albumin leakage and increase of the lung wet-to-dry weight ratio (p Ͻ 0.05 versus control IgG ϩ LPS 30 g). Instillation of concanamycin A did not affect these parameters.
BALF Cell Number
A large number of neutrophils and a small number of lymphocytes migrated into the alveolar spaces 1 d after the high LPS dose (30 g). The number of neutrophils and lymphocytes subsequently decreased after LPS instillation (Figure 2, left  panel ) . At the lower LPS doses (0.3 or 3 g), the influxes of neutrophils and lymphocytes were lower and the number of macrophages was similar to the 30 g LPS group (Figure 2,  right panel ) . Neither anti-Fas antibody (P2) nor concanamycin A affected the migration of neutrophils and lymphocytes after the high dose of LPS (Figure 2, right panel ) .
mRNA Expressions of Proapoptotic Molecules
mRNA expressions of all proapoptosis molecules (Fas, FasL, perforin, and granzymes A and B) were significantly up-regulated in the instilled lungs at 1 to 3 d after 30 g LPS instillation and were subdued over the time course of the study (Figures 3A and 3C) . The expressions were low or negligible in the noninstilled lungs at any time point. Instillation of 0.9% NaCl (expressed as saline in the figures) did not cause significant mRNA expression of these molecules at any point of the study over 10 d. At the lower LPS dose (0.3 or 3 g), lower expressions of the apoptosis molecules' mRNAs were observed dose dependently in the instilled lung ( Figures 3B and 3D) . Neither administration of the P2 antibody, irrelevant IgG, nor concanamycin A inhibited mRNA expressions of proapoptosis molecules with the 30 g LPS instillation. These observations were confirmed by the calculation of the densitometric ratio for each mRNA expression ( Figures 3C and 3D ).
Histology
Significant numbers of inflammatory cells migrated into the alveolar spaces and the alveolar walls showed destructive changes at 1 d after 30 g LPS instillation ( Figure 4B ). No inflammatory changes were observed in the control, 0.9% NaClinstilled, lung ( Figure 4A ). In the TUNEL assay, only a few macrophages were positive in the control lung ( Figure 5A ), whereas in the LPS-instilled lung a large number of positive cells were characterized as inflammatory cells or alveolar epithelial and endothelial cells ( Figure 5B ). Semiquantitative counting of these cells showed that LPS instillation resulted in about 30% of alveolar wall cells being TUNEL positive, whereas about 70% of the inflammatory cells were apoptotic in the injured lung at 1 d after the 30 g LPS instillation (Figure 6) . With P2 treatment, the incidence of apoptosis decreased both in alveolar wall cells and inflammatory cells.
In the immunohistochemical assay, the expressions of Fas were up-regulated in alveolar wall cells (epithelial and endothelial cells) and inflammatory cells (macrophages and polymorphonuclear neutrophils) and the expressions of FasL were highly up-regulated in some of the inflammatory cells (mainly macrophages) in the LPS-instilled lung (Figures 7 and 8 ). Parallel to the result of hematoxylin and eosin staining and TUNEL assay, no positive signals for Fas or FasL were detected except for a few macrophages in the 0.9% NaCl-instilled lungs. The expressions of the proapoptotic molecules in the noninstilled lung were limited even with 30 g LPS instillation (data not shown). Also, no significant signals were detected in the injured lungs after LPS instillation stained with irrelevant rabbit IgG antibody in the presence of the second antibody (data not shown).
When comparing the findings of LPS-instilled lungs with those of the P2 or concanamycin A pretreated lungs, the number of inflammatory cells did not show any difference. However, in the P2 pretreated mice, the TUNEL-positive cells were significantly reduced ( Figure 5C ) and the lung showed intense but less alveolar inflammation ( Figure 4C ) compared with the LPS-instilled lung ( Figure 4B ). Concanamycin A, however, failed to show any protective effects against acute lung injury caused by LPS instillation (Figures 4D and 5D) . Also, neither P2 nor concanamycin A altered the expression of Fas or FasL in the instilled lung after 30 g LPS instillation (data not shown). (Left column) Time-course change of cell numbers in BALF after 30 g LPS instillation (1 to 10 d, L1 to L10, respectively) and 1 d after 0.9% NaCl (saline) instillation (S1). Mice instilled with 0.9% NaCl were also studied for 10 d (S3, S5, S7, and S10) and the statistical comparison (respective neutrophils, lymphocytes, and macrophages) was carried out on the same day. Only data from 1 d after 0.9% NaCl instillation (S1) are showed here, as no changes were noted during the study for 10 d after 0.9% NaCl instillation. *p Ͻ 0.05 versus those after 0.9% NaCl instillation on the same days. 
DISCUSSION
Perforin and Fas-based cytotoxic pathways are the two major mechanisms of cell-mediated cytotoxicity (12) (13) (14) . Recently, we showed that both FasL/Fas and perforin/granzyme were significantly up-regulated in the acute phase of ARDS following sepsis (7) . However, in that report, we could not investigate the specific mechanisms of apoptosis adequately on lung injury because of the evident restrictions of a clinical study.
Although the intratracheal LPS instillation murine model is a model of self-limited lung inflammation, it reproduces many features of sepsis-induced acute lung injury (17, 18) . We therefore decided to carry out an experimental study using this murine model of acute lung injury. Several previous reports have indicated that lung injury following LPS instillation is initiated by a rapid influx of neutrophils into the air spaces within 24 h followed by excessive inflammation. There are several candidates to reduce lung injury, such as anti-tumor necrosis factor-␣ (TNF-␣) antibodies or neutrophil elastase inhibitors, and most of the causative candidates for lung injury were thought to be neutrophils or alveolar macrophages (2-6). Involvement of proapoptosis molecules that are basically related to lymphocytes has only begun to become apparent.
In the present study, using the murine model of LPS-induced lung injury, we studied the expressions of FasL/Fas and perforin/granzyme in the alveolar cells and infiltrating inflammatory cells. Especially in the early stage, alveolar wall cells, namely epithelial type I and II cells and endothelial cells, are involved and showed a significant apoptotic change, which was demonstrated by TUNEL staining in this study. Unfortunately, so far we are unable to differentiate these cells properly because of the lack of appropriate antibodies for mice. We found no apoptotic changes in the noninstilled lungs that we used as control lungs. Thus, the data strongly suggest that LPS instillation caused a topical inflammatory response that was restricted to the exposed lung and that these processes induced apoptosis of epithelial type I and type II cells as well as endothelial cells in the instilled lung only.
Recently, Kataoka and colleagues (19) demonstrated that an inhibitor of the vascular H ϩ -ATPase, concanamycin A, inhibits perforin-based cytotoxic activity, mostly due to accelerated degradation of perforin by an increased pH of the lytic granules. Concanamycin A is a selective apoptosis inhibitor and is unable to inhibit the Fas-linked cytotoxic pathway (19) . In this study, concanamycin A lacked protective effects in the acute phase of lung injury. However, the anti-Fas blocking antibody (P2) attenuated the lung injury. Consequently, the results suggested that between these two cytotoxic T cell-mediated apoptosis systems, the FasL/Fas system was involved in the pathogenesis of LPS-induced lung injury in mice. However, not in vitro but in vivo, the two pathways are complexly linked in the apoptosis changes of the target cells (20) . The injured lung consequently showed strong mRNA expression of not only FasL/Fas but also of perforin/granzyme. So, from these results alone, we cannot conclude that the perforin/granzyme system was not active in LPS-induced lung injury in mice. Furthermore, P2 antibody treatment did not reduce mRNA and protein expressions of either Fas and FasL or neutrophil influx into the air spaces. It reduced the apoptosis only of inflammatory cells and alveolar wall cells. These observations A pathologist who was blinded to the diagnosis of the slides counted the cells randomly using 15 to 20 fields (ϫ400) until reaching a total number of 2,000 alveolar wall cells. (A, B, C, D) The same as in Figure 5 .
indicate that the P2 antibody acts by blocking the final stage of apoptosis in the target cells.
As proapoptotic molecules are capable of inducing apoptosis in their target cells, they could play a role in the pathogenesis of the alveolar epithelial and endothelial cell injury seen in the acute phase of ALI. It is interesting to note that Fujita and colleagues (21) reported endothelial cell apoptosis in lung after intravenous administration of LPS in mice. In contrast, Hagimoto and colleagues (22) indicated that inhalation of a Jo2 antibody, which accelerated the FasL/Fas system, caused significant epithelial cell injury. Wiener-Kronish and colleagues (23) reported that simultaneous intravenous and intratracheal LPS administration was needed to produce a widespread destruction of epithelial and endothelial cells. The present study partly confirmed these findings in acute lung injury from several causes and indicated that injury could be related to apoptotic cell death in the air space. The immunohistochemical analysis showed that the expression of Fas was seen in the alveolar wall cells as well as in the infiltrating neutrophils and alveolar macrophages, whereas expression of FasL was limited to the macrophage-like cells in the air space. These findings and the P2 antibody study indicate that positive TUNEL signals both in the alveolar wall cells and inflammatory cells are closely related to the Fas/FasL system. Although several investigators suggested that FasL was expressed in several tissues other than CTLs (11, 24, 25) , there has been no reports concerning the expression of FasL in macrophages. It is possible that some FasL-positive cells in the injured lungs may be lymphocytes. However, most of the FasL-positive cells were larger than neutrophils. Further investigations concerning this issue should be conducted.
The role of apoptosis remains unclear in the development of ALI and especially in the late process. However, some reports suggest that elimination of activated neutrophils was hindered in ARDS, which resulted in accumulation of neutrophils in the air spaces and destruction of the alveolar epithelial lining (26) . This suggests that an appropriate expression of apoptosis molecules would be essential for resolution of lung injury. Hagimoto and colleagues (27) showed that Fas was expressed on alveolar epithelial cells and FasL was expressed on infiltrating lymphocytes in the early and late phase in lung fibrosis induced by bleomycin. They speculated that these effector molecules play an important role not only in damaging tissues by overexpression in the early phase, but also in remodeling of the cell layer lining in the alveolar spaces in the late phase of lung injury (27) .
Moreover, an intact alveolar epithelium is of critical importance for the resolution of pulmonary edema and ARDS. Matthay and colleagues (28) demonstrated that clinical resolution of pulmonary edema was linked to an intact alveolar epithelium, that is, patients with permeability type pulmonary edema showed a less favorable prognosis for recovery than those with an intact alveolar epithelium. If significant apoptosis would be induced in the alveolar epithelium with accompanying cell death, this may affect the recovery and outcome of ARDS. Whether the expression of proapoptosis molecules affects the outcome in both experimental and clinical settings would certainly be a subject for further investigation.
In conclusion, we have shown that the two major independent pathways of apoptosis, the FasL/Fas system and the perforin/granzyme system, were involved in a murine model of LPS-induced acute lung injury. Inhibition of the FasL/Fas system, but not the perforin/granzyme system, attenuated acute lung injury seen after LPS instillation without affecting the mRNA/protein expressions nor neutrophil accumulation in the injured lungs. Similar up-regulations of proapoptosis pathways were also observed in our earlier clinical study of septic ARDS patients (7) . The result here suggests that excessive apoptosis might be a causative factor for LPS-induced acute lung injury. To clinically control expression of apoptosis in ALI may prove important for the outcome of lung injury.
